A mutant of Bacillus subtilis which required riboflavin for growth was grown with limiting or excess riboflavin. Riboflavin deficiency decreased the content of flavin, particularly of FMN in the particulate fraction. The activities of particulate succinate and NADH dehydrogenases also decreased, whereas a-glycerophosphate dehydrogenase activity did not alter. When riboflavin was added back to a starved culture, the bacterial flavin content recovered quickly, even when chloramphenicol was present. Succinate dehydrogenase activity also recovered, but this increase was inhibited by chloramphenicol.
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The strains were stored at room temperature on slants of A-K sporulation agar No. 2 (Baltimore Biological Laboratories, Baltimore, Maryland, U.S.A.). A loopful was streaked all over a plate of tryptose blood agar base (Oxoid) supplemented with glycerol or glucose (5 g/l), and incubated overnight at 37 "C. This was used to inoculate Hutner's minimal medium (Ornston & Stanier, 1966) supplemented with tryptophan (20 mg/l) and various concentrations of riboflavin, and containing either glycerol (5 g/l) with vitamin-free Casamino acids (Difco; I g/l) or glucose (5 g/l). Portions (500 ml) of inoculated medium, contained in 2 1 baffled conical flasks, were incubated at 37 "C by shaking at 200 rev./min on a gyratory shaker (LH Engineering Co. Ltd, Stoke Poges, Buckinghamshire). The cultures, at the concentrations given in Results, were harvested at room temperature, washed once in 10 ~M-KH,PO,-K,HPO,, pH 6.8, and the pellet was stored at -15 "c overnight.
The density of a bacterial culture was measured as the extinction at 600 nm, which was converted to mg dry weightlml using a calibration curve obtained for a culture harvested during exponential growth in glucose minimal medium and dried at 105 "C.
Preparation of extracts. The frozen pellet, obtained as above, was thawed, resuspended in 4 vol. of 10 ~M-KH,PO,-K,HPO, pH 6.8 containing 10 mM-MgCl,, and shaken gently for I h at 37 "C with lysozyme (200 mg/l), RNase (20 mg/l) and DNase (10 mg/l); the method was a slight modification of that used by Farrand & Taber (1973) . The suspension was then centrifuged for 20 min at 35 ooo g and o to 10 "C. The supernatant was designated the soluble fraction; the pellet was resuspended in the buffer solution used for breaking the bacteria and designated the particulate fraction.
Assay offlavins, cytochrome andprotein. The amounts of FMN and FAD extracted with 10 % (w/v) trichloroacetic acid were measured by the method of Burch (1957), using riboflavin as the standard. The content of cytochrome b + c was found from the difference spectrum, measured in a split-beam wavelength-scanning spectrophotometer (Yang & Legallais, I954), between a suspension treated with dithionite and one shaken in air. The difference in extinction between the peak at 558 nm and a reference wavelength (575 nm) was measured and a millimolar extinction coefficient of 20 l/mmol/cm was assumed. Protein was measured by Lowry's method (Lowry, Rosebrough, Farr & Randall, 1951) using vacuum-dried bovine plasma albumen as a standard. Assay of enzyme activities. All activities were assayed at 30 "C in 50 ~M-KH,PO,-K,HPO, pH 6.8 containing 10 mM-MgC1,. Rates of uptake of oxygen were measured with a Clark-type oxygen electrode (Yellow Springs Instruments, Yellow Springs, Ohio, U.S.A.). Dehydrogenases were assayed spectrophotometrically in a CE202 U.V. spectrophotometer (Cecil Instruments Ltd, Cambridge) coupled to a Vitatron UR401 L recorder (Fisons Scientific Apparatus, Loughborough). The electron acceptor was 2,6-dichlorophenolindophenol (DCIP, 0-1 mM), for which AEsoo = 20 l/mmol/cm. Cyanide (I mM) was present. Succinate dehydrogenase was assayed in the presence of varying concentrations of Nmethylphenazonium methosulphate (PMS ; 0*2,0.3 and 0.6 mg/ml) and the rate extrapolated to that at an infinite concentration of PMS. The concentrations of the substrates of the dehydrogenases and oxidases were : succinate, 20 mM; DL-a-glycerophosphate, 10 mM ; NADH for oxidase, 0.4 mg/ml; NADH for dehydrogenase, 0.1 mg/ml (corrected for nonenzymic reaction).
Chemicals. 
R E S U L T S
Requirement of B. subtilis 1-1201 for riboflavin Mutant ~2 0 1 was grown on glucose minimal medium, supplemented with various levels of riboflavin (Fig. I) . The growth rate was initially normal, but growth was eventually limited by riboflavin at concentrations below 50 pgll.
Concentrations of flavins in bacteria starved of riboflavin
Bacillus subtilis H 2 0 I was starved of riboflavin in two ways. Firstly, the culture was grown with a limiting concentration of riboflavin (30 ,ug/l) and compared with a culture grown with excess riboflavin (500 ,ug/l) ; the cultures were harvested as indicated in Fig. 2 a. In the second method, a culture growing with excess riboflavin (500 pg/l) was diluted I : 17 into medium containing either no or excess riboflavin and harvested as indicated in Fig. 2 b. Both methods gave bacteria depleted in both FMN and FAD (Table I) .
The respiratory system of cultures grown in glucose minimal medium Under the growth conditions described in this paper, B. subtilis contained particulate cytochromes giving an a-peak at 558 nm, presumably composed of b (including 0) and c or (a) excess (500 pg/l) riboflavin. A culture growing with excess riboflavin was diluted 17-fold into medium (U) without or (U) with riboflavin (500 ,.ug/l). For biochemical assays, the cultures were harvested at the ends of the curves shown (see Table I ). components (Chaix & Petit, 1956; Miki et al. 1967; Tochikubo, 1971) . There was also a small, variable amount of an a cytochrome (a-band at 605 nm, Soret peak at 445 nm). There was NADH oxidase in both particulate and soluble fractions; the soluble activity was similar to that described by Kogut & Lightbown (1962) in that it was much stimulated by FMN (0.2 nM) and not inhibited by cyanide (I mM), whereas the particulate activity was not stimulated by FMN and was partially inhibited by I mwcyanide. Both fractions contained NADH-DCIP dehydrogenase activity and there was succinate-DCIP dehydrogenase, stimulated by PMS, in the particulate fraction.
Eflects of riboflavin deficiency on the respiratory system The mutant ~2 0 1 was depleted of riboflavin by the methods given above (Fig. 2) . The content of b+c cytochrome did not decrease (Table I ). The decreased flavin content was due to decreases in FMN and FAD contents of both the soluble and particulate fractions. The activities of succinate dehydrogenase, NADH-DCIP dehydrogenase and NADH oxidase all decreased when flavin was depleted.
Recovery from depletion of flavin Since flavin depletion diminished both the flavin content and the enzyme activities of the particulate fraction, it seemed possible that riboflavin addition to the culture might restore both to normal.
The mutant was grown overnight (i.e. to stationary phase) with a limiting concentration of riboflavin. Riboflavin was then added and samples of the culture analysed at intervals ( Table 2 ) . The flavin content rose rapidly, due to an increase in FMN rather than FAD. Free riboflavin, which does not normally constitute a significant fraction of the bacterial flavin, would have been assayed as FMN. However, the apparent increase in FMN was shown not to be an accumulation of free riboflavin since only a negligible proportion was extracted into benzyl alcohol (Burch, 1957) .
Riboflavin addition did not affect the cytochrome content ( oxidase and NADH-DCIP dehydrogenase were not significantly changed but there was a twofold increase in the activity of succinate dehydrogenase.
The effects of riboflavin addition on the bacterial flavin content and on the activity of succinate dehydrogenase were not due simply to a presumed resumption of growth, since analogous experiments in which tryptophan was the limiting nutrient yielded no such changes.
Efect of chloramphenicol on the recovery from riboJavin depletion
It seemed plausible that, in the culture depleted of flavin, the apo-enzyme of succinate dehydrogenase might continue to be made. In that case recovery of the activity might not be depleted on the synthesis of new protein.
A riboflavin-depleted culture was divided into three portions two hours after its growth curve had diverged from that of a culture growing with excess riboflavin. The first portion received no riboflavin, but chloramphenicol(100 mg/l) was added after I h when the culture was harvested ( Table 3) . The second received riboflavin (500 ,ug/l) at zero time and chloramphenicol I h later. The third received both riboflavin and chloramphenicol at zero time and was harvested I h later. Chloramphenicol had no effect on the dramatic increase in FMN seen when riboflavin was added back to the starved culture, but it completely blocked the increase in the activity of succinate dehydrogenase.
Eflect of riboJEavin depletion on the activity of a-glycerophosphate dehydrogenase
When grown on glucose, B. subtilis does not need to use the tricarboxylic acid cycle, including succinate dehydrogenase, for carbon catabolism or the generation of ATP (Fortnagel & Freese, 1968; Ohne, Rutberg & Hoch, 1973) . Furthermore, the roles of the various soluble and particulate systems for oxidizing NADH are not clear. It seemed desirable to examine a flavoprotein enzyme which is involved in the catabolism of the compound used for growth. Mindich (I 970) has shown that a-glycerophosphate dehydrogenase is essential for glycerol catabolism. The properties of the enzyme are very similar to those of the analogous enzyme from Escherichia coli, which has been shown to contain FAD. The effects of riboflavin deficiency on the activity of this enzyme in extracts of mutant ~2 0 1 grown on glycerol (5 g/l) + Casamino acids (I g/l) were therefore examined. The riboflavin Table 4 ).
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requirement was the same as that of cultures grown on glucose (Fig. 3) . There was no significant difference in the activities of a-glycerophosphate dehydrogenase or oxidase between cultures grown with limiting or excess riboflavin (Table 4) , although there were the same differences in flavin content as in bacteria grown on glucose. Addition of excess riboflavin for I h during growth of a culture limited by riboflavin had little effect on the activity of a-glycerophosphate dehydrogenase, whereas it increased the activity of succinate dehydrogenase just as it did with cultures growing on glucose.
Attempted limitation of growth rate using derivatives of riboJavin Slow growth, limited by the supply of a desired nutrient, has often been achieved using a derivative of that nutrient which is only slowly converted into the nutrient or only enters the bacterium slowly. However, both FMN and FAD supported growth of mutant ~2 0 1 as fast as and to the same extent as free riboflavin.
Limitation of growth rate using a chemostat Steady growth, limited by a chosen nutrient, can best be achieved by using a chemostat. However, in the case of an auxotroph limited for its growth requirement, there is strong h on ice (see Fig. 4) .
Concentrations of jlavins and activities of
The bacteria were then harvested and assayed.
t Total bacterial content, expressed as nrnol/mg bacterial protein.
5
Enzyme activities are those of the particulate fraction, expressed as pmol substrate convertedlmin/mg bacterial protein. ., revertant colony-forming units/ml of effluent. The bars indicate the periods of sampling for biochemical assays (Table 5) .
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pressure for the selection of a revertant. Mutants of B. subtilis which required riboflavin but did not revert were not available. Mutant ~2 0 1 was grown in the chemostat described by Light & Garland (1971) . When the growth medium in the chemostat was changed from glycerol limitation (5 g/l; riboflavin 500 pg/l) to riboflavin limitation (30 pg/l; glycerol 5 g/l) the density of the culture fell to a new low level (Fig. 4) . The level of revertants increased exponentially with time, so that the steady-state persisted only for 32 h from the start of riboflavin limitation.
Limitation by riboflavin, at least at the dilution rate (0.2 h-l) used in this study, did not decrease the bacterial flavin content once the organisms had become accustomed to the new limitation ( Table 5 ). The ratio of FMN to FAD was higher than for the culture limited by glycerol, although, as in limitation in batch culture, the content of FMN in the particulate fraction was much decreased (not shown). Limitation by riboflavin, as in batch culture, decreased the activities of NADH oxidase and succinate dehydrogenase, but had no clear effect on a-glycerophosphate dehydrogenase. Portions of the sample collected between the times 36 and 48 h (Fig. 4) were warmed to 37 "C and incubated for I h with riboflavin (500 pg/l) in the presence or absence of chloramphenicol(~oo mg/l). Riboflavin had no effect on flavin content or on the enzyme activities. This difference from the results with batch cultures may have been caused by the effluent from the chemostat being collected on ice and therefore spending up to 12 h stationary at o "C, whereas the batch culture remained shaking at 37 "C until the riboflavin was added.
D I S C U S S I O N
Deficiency of certain nutrients in the growth medium can considerably reduce the content of some respiratory components (Light, 1972a, b) . Such a decrease in the concentration of a respiratory component could occur if the normal level is considerably higher kinetically than the requirement. This seems to apply to cytochrome oxidase in Candida utilis (Light, 1972b) and to menaquinone in B. subtiZis (Farrand & Taber, 1973) . It does not appear to apply to ubiquinone (Gibson & Cox, 1973) or to haem (Haddock, 1973) in E. coli. Alternatively, the concentration of a respiratory component may decrease if the role which it plays normally can be circumvented. Thus, strains of E. coli (Haddock & Shairer, 1973) and of Staphylococcus aweus (Chang & Lascelles, 1963) which required an exogenous source of haem in order to make cytochromes, could grow fermentatively in the absence of the supplement.
In the present study, the effect of a deficiency of riboflavin on the activities of the flavoproteins studied was not dramatic. Possibly neither of the above conditions for observing a decrease applied. However, mutants of B. subtilis lacking succinate dehydrogenase can grow normally on glucose if aspartate (1.5 mM) is added (Ohne et al. 1973) . Growth o f mutant ~2 0 1 on glucose+aspartate with limiting riboflavin gave the same decrease in activity of succinate dehydrogenase as was reported (Table I) in the absence of aspartate. In view of the many metabolic roles of flavoproteins, it is possible that some reaction other than those studied limited the growth of B. subtilis when starved of riboflavin. If this reaction had a much poorer affinity for flavin than the reactions studied in this paper, no effect of riboflavin deficiency on the latter would be expected.
In conclusion, a deficiency of riboflavin, unlike one of iron, sulphate, copper or haem, has not proved to be a useful way of manipulating the content and synthesis of components of the respiratory chain.
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